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2. Softening regularization
Degradation is modeled independently in the matrix and
in each family of fibers
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I¯4 = C : (a01 ⊗ a01); I¯6 = C : (a02 ⊗ a02)
E¯1 = C : H1 − 1; E¯2 = C : H2 − 1
Hi = κ1 + (1− 3κ)a0i ⊗ a0i i = 1, 2
1. Strain energy function
2.1 Regularized damage model
1. INTRODUCTION
2.2 Mesoscopic characterization of inelastic behaviour
3. RESULTS 4. CONCLUSIONS
1. Fibril analysis 2. Fibre analysis 3. Tissue analysis
0 10 20 30 40 50 60
β
0
1
2
3
4
5
6
7
8
σ
u T
C
 [
G
P
a
]
|  Failure mode 1
 Failure mode 2 |
TC molecule ultimate strength (l=300) nm
Current work
Buehler, M. J. (2008)
50 100 150 200 250 300
l [nm]
0.0
0.5
1.0
1.5
2.0
2.5
3.0
σ
u T
C
 -
 G
P
a
|  Failure mode 2
 Failure mode 1 |
TC molecule ultimate strength (β=12.5)
TC molecule ultimate strength for different cross­link densities
TC molecule ultimate strength for different molecular lengths
1. Fibril mesoscopic characterization
Fibre uniaxial test for different cross­link densities
Fibre Uniaxial test for different molecular lengths
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a) Elastic stretch threshold b) The two dimensional Hodge­Petruska model.
c) Fibril mesomechanical model
d) Fibril failure modes
2. Fibre and tissue characterization
e) Fibril inelastic mesomechanical characterization
3. Mesoscopic parameters
Cuadro 1: Geometrical properties of fibril components.
Description Symbol Value
Waviness parameter r 0.33
Tropocollagen molecule length l 300 nm
Tropocollagen molecule diameter d 1,5 nm
Gap between tropocollagen molecules s 40 nm
Distance of stagger h 67 nm
Equilibrium distance between tropocollangen molecules D 8 nm
Cross-link concentration length η 6 nm
Cuadro 2: Micromechanical properties of fibril components.
Component Elastic stiffness Ultimate strength Fracture energy (N·m)
Tropocollagen molecule Ecol = 50,0 pN/A˚
2(a) σu = 10,0 pN/A˚2 (b) —
Distributed unions Kdist = 1,18 nN/A˚
(c) τudist = 5,55 pN/A˚
(d) Gdist = 12τudist(χl)2(e)
Cross-links Kdist = 1,18 nN/A˚
(c) τuc−l = 69 pN/A˚
(f) Gc−l = 12τuc−lη2 (g)
Cuadro 3: Properties of fibre components.
Component Symbol Value
Proteoglycan-rich matrix superfical density of fracture energy GGAG 103 pN/A˚
Fibril width B0 180 nm
Proteoglycan-rich matrix width B1 100 nm
Fiber volume fraction of the tissue νf 10−3
TC critical length
lcr =
ητuc−l
χτudis
→
{
If l < lcr → Failure mode 1
If l > lcr → Failure mode 2
Failure mode 1 characterization
σu−mode 1fibril =
χlτudis
D2
Gmode 1fibril =
1
2
τudis(χl)
2 sin θ1
D2
Failure mode 2 characterization
σu−mode 2fibril =
ητuc−l
D2
Gmode 2fibril =
1
2
τuc−lη
2 sin θ2
D2
Fibril failure characterization
σufibril = D1σ
u−mode 1
fibril + (1−D1)σu−mode 2fibril
Gfibril = D1Gmode 1fibril + (1−D1)Gmode 2fibril
Fibre characterization
σufibre ≈
B0
B0 +B1
σufibril
Gfibre = B0
B0 +B1
Gfibril + B0
B0 +B1
GGAG
σu−tissuefibre = ν
fσufibre
Gtissuefibre = νfGfibre
Adjustment of exponential-type
energy function:
Ψfibre =
k1
2k2
(
ek2(λ
2−1)2 − 1
)
2. METHODS
1. Hierarchical structure of soft tissues 2. Summary of the work
Soft collagenous tissue featuresmany hierarchies of structure,starting from tropocollagenmolecules that form fibrils, andproceeding to a bundle of fibrilsthat form fibers.
Image from Tang, H., Buehler, M. J., & Moran, B. (2009)
­ We present a continuous damage model with regularized softening (smeared crack models) for fiberreinforced soft tissues.
­ Material parameters of the continuous model derive from the mesoscopic scale.
­ In the mesoscopic scale continuum is considered as a collagenous fibril­reinforced composite.
­ We want to study the continnum­level response as a function of the nanoscale properties of the collagenand the adherent forces between the tropocollagen molecules.
­ Softening in damage models must beregularized in order to ensure the objectivity ofthe results.
­ Energy dissipation in soft tissues should beconsidered as a needed material parameterand should be estimated.
­ There is a dependence of the continuumresponse as a function of nanoscopic structuralfeatures.
­ A hierarchical multi­scale approach is needed inorder to define atomistically­informedcontinuum­scale mechanical properties of thesoft tissues.
